Background The Scratch Collapse Test (SCT) is used to assist in the clinical evaluation of patients with ulnar nerve compression. The purpose of this study is to introduce the hierarchical SCT as a physical examination tool for identifying multilevel nerve compression in patients with cubital tunnel syndrome. Methods A prospective cohort study (2010-2011) was conducted of patients referred with primary cubital tunnel syndrome. Five ulnar nerve compression sites were evaluated with the SCT. Each site generating a positive SCT was sequentially "frozen out" with a topical anesthetic to allow determination of both primary and secondary ulnar nerve entrapment points. The order or "hierarchy" of compression sites was recorded. Results Twenty-five patients (mean age 49.6±12.3 years; 64 % female) were eligible for inclusion. The primary entrapment point was identified as Osborne's band in 80 % and the cubital tunnel retinaculum in 20 % of patients. Secondary entrapment points were also identified in the following order in all patients: (1) volar antebrachial fascia, (2) Guyon's canal, and (3) arcade of Struthers.
Introduction
We have previously described the Scratch Collapse Test (SCT) as a provocative test to assist in the clinical evaluation of patients with ulnar nerve symptomatology [2, 3] . This clinical test has been shown to have a higher sensitivity for cubital tunnel syndrome than other provocative tests, including Tinel's sign and the elbow flexion test, with an accuracy of 89 % [3] . Using the SCT, we identified Osborne's band as the point of maximal compression in cubital tunnel syndrome in the majority of patients [2] . Additionally, several refinements have been made to the SCT since its publication, which have allowed us to further characterize sites of ulnar nerve compression in each individual patient. Specifically, we have noted that application of a topical cold spray to a compression site with a positive SCT can unmask other sites of entrapment along the ulnar nerve. We have termed this the "hierarchical" SCT.
Cubital tunnel syndrome, or compression of the ulnar nerve at the elbow, is the second most common upper extremity compression neuropathy after carpal tunnel syndrome [22] . Other sites of ulnar nerve compression, such as Guyon's canal or the arcade of Struthers, are less frequently recognized but can result in functional impairment. The accepted sites of potential ulnar nerve compression are depicted in Fig. 1 and include (1) the arcade of Struthers [36] , (2) the medial intermuscular septum [31] , (3) the bony retrocondylar groove and the overlying cubital tunnel retinaculum [24] , (4) Osborne's band [8, 25] , (5) the volar antebrachial fascia just proximal to the wrist crease (proximal Guyon's canal), and (6) the leading edge of the hypothenar musculature overlying the deep motor branch of the ulnar nerve (distal Guyon's canal) [12, 13] .
Management of ulnar nerve compression depends on an accurate diagnosis, yet localizing the site of nerve compression can be challenging. This is compounded by other conditions that may mimic ulnar nerve compression neuropathy, such as cervical disc disease and motor neuropathies. Furthermore, patients presenting with multilevel ulnar nerve symptomatology and patients with electrodiagnostic studies that are normal or demonstrate non-localizable ulnar neuropathy remain a diagnostic challenge.
The objective of this study is to demonstrate this new examination technique-the hierarchical SCT-in the clinical evaluation of patients with compression neuropathy of the ulnar nerve and specifically in the management of patients with complex and multilevel symptomatology.
Materials and Methods

Patients
A prospective cohort study was performed of patients referred to the senior author with a provisional diagnosis of compression neuropathy of the ulnar nerve over a 1-year period (2010-2011). Patients with a definitive diagnosis of ulnar nerve transection, ulnar nerve tumor, cervical radiculopathy, motor neuron disease, and a non-ulnar compression neuropathy were subsequently excluded. Patients with major shoulder pathology were also excluded owing to difficulty participating in the SCT. Ethics approval for this study was obtained from the Institutional Review Board, and written informed consent was obtained from all individual study participants. Clinical photographs indicate the surface landmarks for the sites of ulnar nerve compression tested in this study, which include the following: (1) the arcade of Struthers (a), a transverse attachment of the deep fascia of the distal triceps to the medial intermuscular septum, located approximately 8 cm proximal to the medial epicondyle (2.22-24) ; (2) the medial intermuscular septum (b); (3) the bony retrocondylar groove and the overlying cubital tunnel retinaculum spanning the olecranon and medial epicondyle (c); (4) Osborne's band (d), a thickened confluence of fascia between the two heads of the flexor carpi ulnaris muscle (5-6); (5) the volar antebrachial fascia just proximal to the wrist crease (e, f); and (6) the tendinous leading edge of the hypothenar musculature overlying the deep motor branch of the ulnar nerve [8] (g)
Procedures
All patients underwent routine evaluation with history, physical examination, and electrodiagnostic studies. Nerve compression was evaluated with sensory and motor testing, Tinel's sign, the SCT, and provocative maneuvers. The hierarchical SCT was performed to evaluate five sites of ulnar nerve compression ( Fig. 1): (1) the arcade of Struthers, (2) the cubital tunnel retinaculum, (3) Osborne's band, (4) the volar antebrachial fascia (proximal Guyon's canal), and (5) the leading edge of the hypothenar muscles (deep motor branch). All examinations were performed by one individual (GG) experienced in performance of the SCT.
The Scratch Collapse Test
The basic technique for performing the Scratch Collapse Test has been described elsewhere [2, 3] . In brief, the patient is seated in front of the examiner, with their back free from the back of the chair, feet on the ground, shoulders in neutral position, elbows bent at 90°, forearms and wrists in neutral, and fingers in full extension. The upper arms are parallel to each other by the sides of the chest, with no forward flexion or abduction of the shoulders (Figs. 2 and 3). A force is then applied to the dorsal forearms in an effort to internally rotate the shoulders. The patient provides a baseline resistance against the initial force, and equilibrium is established between the examiner and the patient. We emphasize to the patient that it is not a "fight" between examiner and patient, but rather that we are trying to achieve a balance in resistance at the forearms. In the absence of significant shoulder pathology or other confounding injuries to the upper extremity, the arms will not collapse. With the baseline resistance set, the skin overlying the suspected site of nerve compression is gently scratched, and the examiner again exerts an internal rotation force to the dorsal forearms. A positive test will result in a significant change in resistance, and the arm on the affected side will "collapse" in toward the patient's abdomen.
The senior author has made important refinements to the SCT since its initial publication [3] , which are outlined here:
1. Ensure that the patient's elbows are kept tight against their flanks, as the shoulder abductors can be used to "cheat" and overcome the collapse. If the patient starts to abduct their arms, they are trying too hard and the concept of balance is reemphasized. Indeed, their arms must stay against their flanks with no forward flexion of the shoulders.
Scratching the skin overlying the site of nerve compression
is not the only option for a stimulus. The site can also be rubbed gently, or the examiner can simply blow on the skin of the region. With nerves that are submuscular or located deep in the extremity (i.e., deep motor branch of the ulnar nerve, median nerve at the pronator teres, and tibial nerve at the soleus arch), or if the patient is morbidly obese, the site should be "pushed" with the fingertip deep against the nerve.
Sustain the second resisted test force of internal rotation
for at least 2-3 s, and pause as you do this, as it may take this long to identify a collapse and avoid a false negative test. 4. The SCT is always done over a "control area" first (a site where no nerve or compression point is present; i.e., the lateral deltoid) to establish a negative control. 5. This test requires a strong knowledge of surface anatomy of the nerve and will be most useful for surgeons who are more familiar with this than other specialists. The examiner can use a broader "swipe" or "blow" over the area of interest if they are less familiar with the underlying anatomy. 6. The SCT has a definite learning curve, and we suggest for those interested in incorporating it into their clinical examination, that they start with patients with electrically In patients with underlying shoulder pathology or other confounding upper extremity injuries, the feet can be used in a similar fashion with the forearms. In this version of the SCT, the patient is seated in front of the examiner with the hips flexed at 90°and knees flexed at 60°, ankles dorsiflexed and everted, and heels resting on the ground. Force is then applied to the lateral aspects of the feet in an effort to invert them against resistance (resistance on the legs yet scratching the arms).
The remainder of the test is the same as previously described. Of note, patients with shoulder pathology were excluded from this study.
The Hierarchical SCT: Ulnar Nerve
The examiner begins by performing the SCT at the five compression sites along the ulnar nerve. The site of compression generating a positive SCT is noted. This primary site is then temporarily "frozen out" (Fig. 4 ) with the application of topical ethyl chloride (Gebauer's Ethyl Chloride®, Gebauer Company, Cleveland, OH). The primary site is then retested with the SCT to confirm that the patient no longer collapses at this site. The remaining four ulnar nerve entrapment points are once again evaluated with the SCT. The next compression point with a positive SCT (if any) is noted, and topical ethyl chloride is utilized to freeze this second area out. The above process is then repeated until no further entrapment points give a positive SCT ( Fig. 5 and Supplementary Digital Content 1, https://vimeo.com/ 59943112). The order ("hierarchy") in which the five entrapment points generate a positive SCT is recorded for each patient. Patient demographic data, including age, gender, symptom duration, and comorbid disease (diabetes, hypothyroidism), were also collected for demographic purposes. If patients have coexisting significant neuromuscular issues, then the most significant point will collapse first.
Results
Twenty-five patients with cubital tunnel syndrome were identified as eligible for inclusion. Patient characteristics are presented in Table 1 . In all patients, cubital tunnel syndrome was their primary or only extremity clinical diagnosis.tgroup All patients demonstrated a positive SCT around the elbow in the first iteration of testing. The primary site of ulnar nerve entrapment was identified as Osborne's band in 20 patients (80 %) and the cubital tunnel retinaculum posterior to the medial epicondyle in 5 patients (20 %).
After freezing out these primary compression sites with ethyl chloride, a consistent sequence of secondary entrapment points was identified. In patients where the primary site was Osborne's band, subsequent entrapment points in order of collapse with SCT were the cubital tunnel retinaculum, the volar antebrachial fascia proximal to the wrist crease, the leading edge of the hypothenar muscles (deep motor branch), and the arcade of Struthers. In patients where the primary site of collapse was the cubital tunnel retinaculum, the hierarchy of subsequent compression sites was Osborne's band, followed by the volar antebrachial fascia, the leading edge of the hypothenar muscles (deep motor branch), and finally the arcade of Struthers ( Fig. 5 ; see also Video, Supplementary Digital Content 1, https://vimeo.com/59943112). All patients in this study demonstrated a positive SCT at all five compression sites evaluated with sequential "freezing out" of each previous site yielding a positive collapse.
Discussion
Provocative tests, such as Tinel's sign and the elbow flexion test, are useful in making the clinical diagnosis of cubital tunnel syndrome. The recently introduced SCT, a sensitive test for nerve compression, is an additional provocative test that can assist the surgeon in rendering a diagnosis, particularly when other provocative tests and electrodiagnostic testing are negative [2, 3, 10] . The senior author was first introduced to the SCT in the early 1990s by Bronson and Beck and has spent the last 2 decades refining the test, understanding its nuances, and recognizing its consequent utility to clinical practice [3] . Without presuming to know all the pathophysiology of this test [15, 16, 18, 34] , we believe that it has important utility in the management of the most challenging nerve entrapment populations.
Using the SCT, this study identified Osborne's band as the most common primary site of ulnar nerve compression in cubital tunnel syndrome, consistent with the findings of Brown et al. [2] . Importantly, however, these patients all exhibited a secondary positive SCT at the cubital tunnel retinaculum overlying the retrocondylar groove just posterior to the medial epicondyle. The fibro-osseous tunnel was also the second most common primary entrapment point in this study. These findings make sense considering the known pathophysiology of cubital tunnel syndrome. Indeed, whereas the ulnar nerve may be compressed by the thickened confluence of fascia between the two heads of the FCU (and therefore more likely to generate a positive SCT), it is the dynamic tension on the nerve with elbow flexion behind the medial epicondyle that may also contribute to symptomatology [9, 11, 28, 33, 37] .
The use of a topical anesthetic to freeze out entrapment points generating a positive SCT has not been previously described in the literature. The idea to use ethyl chloride was in fact sparked by a review of a manuscript noting increased Substance P levels in the carpal canal in patients with carpal Fig. 4 Demonstration of the use of ethyl chloride (EtCl), a topical anesthetic, to "freeze out" a site of ulnar nerve compression that has yielded a positive SCT. In order to very specifically anesthetize the desired anatomic site, it is important to shield the areas where you do not want the ethyl chloride to reach. a Application of ethyl chloride to the volar antebrachial fascia proximal to the wrist crease, while shielding Guyon's canal distally. b Application of ethyl chloride to Osborne's band between the two heads of the flexor carpi ulnaris, while shielding the retrocondylar groove and the medial intermuscular septum Fig. 5 Example of the hierarchical SCT in cubital tunnel syndrome. This figure illustrates the sequence of collapse of the five anatomic sites of ulnar nerve compression tested in this study, in a patient with mild cubital tunnel syndrome (corresponds to Video, Supplementary Digital Content 1, https://vimeo.com/59943112). In this patient, the primary site of collapse was the cubital tunnel retinaculum just posterior to the medial epicondyle, and the remaining sequence was identical to that found in all study patients. Additionally, this patient demonstrated collapse at the thoracic outlet and parascapular muscles once the initial five compression sites in the arm, forearm, and hand had been "frozen out" with ethyl chloride tunnel syndrome [26] . We hypothesized that Substance P release in an area of nerve constriction could be the source of the pain stimulus resulting in the reflex "give way" seen in the SCT. Thus, if we could temporarily "freeze out" this stimulus with a topical anesthetic, the SCT would be temporarily blocked and indeed this bore out in clinical use. The idea to blow as an obnoxious stimulus, rather than scratch, on the entrapped area also derived from this Substance P hypothesis. The hypothesis that the "give away/collapse" sign was a spinal reflex also stimulated the idea to test the give away/collapse in external rotation at the shoulders or eversion at the ankles. The ability to freeze out sequential sites of compression generating a positive SCT (what we have termed the hierarchical SCT) has importantly allowed us to identify secondary entrapment points, such as in the current study along the ulnar nerve. We were surprised by our finding that all patients demonstrated a secondary positive SCT at the arcade of Struthers. Scratching higher toward the axilla did not result in a collapse response. The arcade of Struthers has been demonstrated in cadaver dissections and is accepted as a potential site of kinking of the ulnar nerve following anterior transposition for cubital tunnel syndrome proximally [19, 26, 29, 30] . Indeed, since we began using sterile tourniquets to perform our ulnar nerve transpositions, we have been increasingly impressed by the presence of a tendinous band coursing below the ulnar nerve, from the triceps to the medial intermuscular septum. The senior author believes that in the past, she greatly underestimated the frequency of this arcade of Struthers because the nonsterile tourniquet prevented digital evaluation to a level proximal enough to evaluate for its presence.
The fact that all patients in this study ultimately collapsed at the arcade of Struthers lends further support to its role as a subclinical entrapment point in primary cubital tunnel syndrome. On the other hand, the fact that the majority of patients do well surgically without addressing the arcade of Struthers suggests that the SCT is sensitive enough to elicit subclinical entrapment points. In effect, the arcade of Struthers was always the last point to collapse in this patient cohort.
Ulnar nerve compression points around the wrist yielded positive SCTs in patients with cubital tunnel syndrome after sequentially freezing out Osborne's band and the cubital tunnel retinaculum. Among the wrist entrapment points evaluated in this study, the volar antebrachial fascia was found to be a more significant site of compression than the tendinous leading edge of the hypothenar musculature in Guyon's canal. This concept differs from our traditional thinking and stresses the importance of releasing this proximal fascia during a Guyon's canal decompression. In our experience, an incision across the wrist is required to completely release this volar antebrachial fascia overlying the ulnar neurovascular bundle.
We have found the addition of ethyl chloride to the examination, and the ability to identify other sites of secondary nerve compression to be extremely valuable in clinical practice ( Fig. 6 ; see also Video, Supplementary Digital Content 2, https://vimeo.com/59943111). The concept of multiple points of entrapment along the same nerve is not new and is in keeping with the double crush hypothesis of Upton and McComas [35] . They postulated that a proximal nerve compression (i.e., cervical disc disease) renders the nerve more susceptible to distal nerve compression (i.e., carpal tunnel syndrome). Lundborg also suggested the reverse effect, in that a distal nerve entrapment sensitized a nerve to proximal areas of compression [4, 5] . The double crush hypothesis also suggests that serial constraints to axoplasmic flow, while individually are insufficient to result in clinically appreciable nerve dysfunction, can be an additive in causing ultimate nerve dysfunction. There exists both clinical and experimental evidence to support multiple compression sites in peripheral nerves [1, 6, 7, 14, 17, 21, 23, 27, 32] . Other potential etiologies include medical conditions which increase the susceptibility of compression (e.g., diabetic neuropathy), neurologic conditions (e.g., syringomyelia), and genetic Fig. 6 Application of the hierarchical SCT to brachial plexus injury (corresponds to Video, Supplementary Digital Content 2, https://vimeo. com/59943111). This patient had a right medial cord injury and on physical examination had significantly more wasting of the ulnarinnervated intrinsic muscles as compared to the median-innervated intrinsics. A multilevel injury was suspected, and a hierarchical SCT was performed to determine secondary entrapment points on the ulnar nerve. The sequence of collapse in this patient was the right thoracic outlet (consistent with the medial cord injury), followed by the deep motor branch of the ulnar nerve, cubital tunnel, volar antebrachial fascia, and the arcade of Struthers conditions such as hereditary neuropathy with liability to pressure palsies.
The results of this study suggest that the hierarchical SCT can identify concomitant compression of the ulnar nerve at the elbow and wrist. Clinical complaints, physical examination, and electrical studies will combine to determine patient management. In patients with significant intrinsic atrophy, the consideration of a concomitant decompression of the nerve at both levels can be made. Secondary ulnar nerve compression at the leading edge of the hypothenar musculature and antebrachial fascia may also explain persistent patient symptoms following surgical decompression or transposition of the ulnar nerve at the elbow alone. Consequently, we will utilize the SCT to evaluate for secondary compression of the ulnar nerve at the wrist in patients with cubital tunnel syndrome who do not recover excellent function after primary surgical treatment at the elbow. Particularly in secondary or tertiary cases, clear demonstration of a positive SCT test at Guyon's canal and not at the elbow indicates that these patients may respond well to a distal release without the need to perform revision cubital tunnel surgery.
Finally, the hierarchical SCT has allowed for the identification of multiple concomitant neuromuscular problems and reinforces the idea that multilevel nerve compression and muscle imbalance often act in concert [20] . Indeed, we use this in our practice not only for nerve entrapments but also for muscle imbalance. For example, in patients with concomitant thoracic outlet syndrome, muscle imbalance, poor posture, and cubital tunnel syndrome, we find this test very helpful when it prioritizes periscapular muscle imbalance and scapular dyskinesis as a more significant component of the clinical presentation than the thoracic outlet issues. In patients with muscle imbalance and a positive SCT, the SCT will become negative if the patient corrects and maintains their posture by adducting and depressing their scapula. We use this demonstration to motivate such patients to work toward improving their abducted scapular posture, with physical therapy and on their own. In 1994, when the hypothesis was presented to explain to patients with significant upper extremity neuromuscular complaints, especially those that failed to respond to a simple carpal tunnel release or had normal electrodiagnostic findings, several vocal commentators generally criticized the hypothesis [20] . The hierarchical SCT mirrors that 1994 hypothesis and is critical in our successful management of this very challenging patient population.
Identifying multiple clinical problems with the hierarchical SCT does not imply surgical intervention at these sites, but it does allow for a greater awareness of the significance of these issues. Wherever possible, these issues can be addressed with physical therapy or conservative management, utilizing surgery judiciously. Specifically, in the study population, the majority of patients are first treated conservatively, and surgery at the cubital tunnel is only suggested with failure of conservative management; surgery at Guyon's canal is suggested when ulnar intrinsic atrophy is present.
While this study is limited by its small sample size and focus on patients with primary cubital tunnel syndrome, it highlights the utility of the hierarchical SCT in the clinical assessment of patients with ulnar nerve compression. In particular, it demonstrates the ability of the SCT to preoperatively identify all recognized sites of compression along the ulnar nerve in a hierarchical fashion. We do not mean to imply that all of these points are clinically significant; rather, it is the primary compression site generating a positive SCT that is the most clinically relevant. However, it is likely that in some patients with cubital tunnel syndrome and intrinsic atrophy, release of the ulnar nerve at the wrist may be indicated. In patients with persistent, new, or recurrent symptoms after cubital tunnel surgery, we have seen the SCT localize symptom etiology to primary compression of the ulnar nerve at the wrist or arcade of Struthers, directing surgery away from the elbow and toward these other sites (thereby avoiding revision cubital tunnel surgery). This information may have a role in clarifying and guiding the surgical decision-making process, indicating which procedures are most appropriate to meet the specific needs of each patient. Future studies will continue to define and enhance the diagnostic properties of the hierarchical SCT and its utility in the evaluation of patients with multilevel nerve compression.
In summary, we use the population of patients with primary cubital tunnel syndrome as a way to introduce this concept of the hierarchical SCT as a new test to evaluate complex patients with nerve compression problems when other clinical tests fail to satisfactorily identify the etiology of patients' subjective complaints.
